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ABSTRACT 
 
This chapter describes the process of developing a new rice husk conversion technology suitable to the 
local requirements of rice farmer in poor rural areas of the Philippines. The small-scale, portable, 
continuous carboniser was designed to enable heat extraction applications (crop drying, steam 
generation, etc.), while maintaining conversion effectiveness, with a special focus on the reduction of 
rural workplace carbon monoxide and smoke emissions. The chapter contains the technology 
optimisation model methodology which aimed to achieve high operating temperatures for heat 
extraction, highest fixed carbon content of rice husk biochar, and the lowest emissions of carbon 
monoxide possible during the carbonisation process. A Response Surface Methodology was used to 
develop predictive models relating carboniser performance parameters (airflow rate, temperature, 
biochar quality, carbon monoxide emission data) to the carboniser parameters (chimney diameter and 
ignition chamber opening). The analysis of variance showed the importance of the chimney diameter 
relative to the ignition chamber opening in determining overall performance. The highest temperatures, 
lowest CO emissions, were associated with the highest airflow rates, although proximate analysis of the 
biochar samples showed there was no influence of the relative sizes of the chimney and ignition 
chamber on the biochar fixed carbon content. Therefore, the selection of the optimal carboniser 
chimney and ignition chamber sizes were based solely on temperature and CO emissions. 
 
Keywords: Carboniser; biochar; bioenergy; rice; rice husk; emissions; carbon monoxide. 
                                                           
* Corresponding Author address: Philippine Rice Research Institute (PhilRice), Maligaya, Muňoz Science City, 3119 Nueva Ecija, 
Philippines. Tel. (+63) (44) 456-0258. Email: rforge@gmail.com 
Author’s Copy, suggested citation: Orge R, McHenry MP & de Leon RL (2013) Emission reduction theory and 
results in the development of a suitable small-scale, portable, continuous rice husk carboniser for poor rural 
regions in transitional economies. In: Charcoal: chemical properties, production methods and applications. 
Ed. Tyrone EN. Nova Science Publishers, Hauppauge, New York, USA. ISBN 978-1-62808-664-5. 
2 
 
 
NOMECLATURE 
 
A area of the air inlets 
RSM  response surface methodology 
D overall desirability considering all response factor in the optimisation 
di transformation of response variable i into a desirability function  
ri the importance factor for response variable i, and  
n  number of factors being optimised 
IC ignition chamber 
Vb air velocity at the bottom of the carboniser (m s
-1
) 
Vs air velocity at the side opening of the carboniser (m s
-1
) 
Q airflow rate (m
3
 h
-1
)  
hic height of the ignition chamber opening  
dc the diameter of the chimney 
 
 
INTRODUCTION 
 
Rice husks, the outer covering of rice grains removed during milling, constitute around 20 to 25% of the 
total grain harvest mass and are thus an abundant agricultural residue [1]. This chapter explores the 
theoretical development and actual testing of a constructed small-scale, non-motorised, continuous rice 
husk carboniser developed by the Philippine Rice Research Institute (PhilRice). The prototype was able to 
process 40 kg of rice husk into biochar each hour at 40.3% biochar yield (by weight), with a purity of 99.1% 
biochar (see Fig. 1). Unlike existing batch rice husk carbonisers in common use, the prototype produced 
visibly clean emissions from the chimney during operation. However, as carboniser operators in poor 
transitional countries are often exposed to excessive smoke and invisible carbon monoxide (CO) emissions 
as part of their workplace, this chapter records a methodology for technology developments of optimised 
bioenergy systems that aim to reduce operator exposures, in this case for carbonisation of rice husks in 
poor rural rice producing regions. 
Carboniser performance assessments often require mathematical models to approximate the complex 
behaviour of bioenergy systems [2; 3]. This chapter describes the development of a mathematical model for 
optimising rice husk carboniser performance in terms of maximising operating temperatures, minimising 
the ash content of the output biochar, and also CO emissions. While developing an “optimal design” is 
impossible in practice due to the complexity in system characteristics uncertainties [4]. Nonetheless, 
carboniser performance can be evaluated in terms of temperature consistency, biochar conversion 
efficiency, and by-product emissions [5].  
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Fig. 1: The prototype of the PhilRice continuous rice husk carboniser used in the study. 
 
 
 
MATERIALS AND METHODS 
 
Model Formulation 
 
A portable, continuous, rice husk carboniser prototype with provisions for varying intake air volumes 
was developed to generate primary input data for the model. The performance parameters were modelled 
as a function of carboniser parameters, based on the assumption that the following general relationships 
exist:  
• Airflow rate = f (carboniser parameters) 
• Temperature = f (airflow rate) 
• Biochar (quality) = f (temperature) 
• Emission = f (airflow rate) 
 
Several carboniser parameters were identified to have varying influence on the amount of air taking 
part in the carbonisation process (Table 1). However, the final independent variables selected in the model 
were chimney diameter, and area of the ignition chamber (IC) opening, as together they had the major 
influence on airflows.  
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Table 1: Initial carboniser parameters considered as independent variables. 
 
 
 
 
 
 
 
 
 
 
 
 
Chimney Diameter 
 
Among the two chimney parameters (height and diameter), the diameter was selected as the 
independent variable as it directly influenced the airflow rate in and out of the system. A detachable 
chimney allowed three chimney diameters to be trialled: 7.5, 10, and 12.5 cm, corresponding to a cross-
sectional area of 45.6, 81.1, and 126.7 cm
2
, respectively (see Fig. 2). The chimney height, which determines 
the static head causing airflow and overcoming resistance of the porous bed of rice husk, was fixed at 2.8 m 
for all the three chimney diameters. Design calculations in determining the chimney length for a bed span 
of 34.5 cm made use of the Ergun equation [6], following the same data and assumptions in Table 2. 
 
 
 
Fig. 2: The three removable carboniser chimneys used in the experiment. 
 
  
Component Possible independent variable Perceived influence on airflow/ temp. 
Chimney Diameter Rate of flow of primary and secondary air 
Height Static head air movement (natural draft) 
 
Ignition 
chamber (IC) 
Diameter Area of heated surface 
Height Area of heated surface 
Area of side opening Rate of flow of partial combustion products 
Bottom 
chamber 
Diameter of bottom opening Rate of flow of secondary air 
Side opening Area of rice husk bed surface  Rate of flow of primary air; flow resistance 
Main hopper Length of span of rice hull bed  Resistance to flow of primary air 
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Table 2: Data and assumptions used to calculate the chimney height. 
 
Parameters Symbol Value Unit Source 
Void fraction (porosity) ε 0.64 -- Ramirez et al. [7] 
Particle sphericity Ф 0.60 -- Ramirez et al. [7] 
Equivalent diameter of particle dp 0.0016 M Fang et al. [8] 
Density of ambient air ρ1 1.16 kg m
-3
 Lide [9] 
Density of inside air (flue gas) ρ2 0.67 kg m
-3
 Lide [9] 
Air dynamic viscosity at 30
o
C µ 0.00002 Pa sec
-1
 Denny [10] 
 
Area of the IC opening Chimney Diameter 
 
The openings at the side of the IC serve as passageway for the gaseous products from the reduction 
zone, enabling them to enter into the IC and mix with air for combustion prior to emission from the 
chimney. It was assumed that varying this area would influence the equivalence ratio, and correspondingly 
the operating temperature [6]. Therefore, a hollow circular cylinder was designed with an outside diameter 
sufficient to freely slide inside the IC to enable altering the area of the IC opening (Fig. 3). Three levels were 
used: 434, 868, and 1,302 cm
2
 corresponding to a height, h, of 6, 12, and 18 cm, respectively.  
In addition to the ambient air temperature, relative humidity, chimney temperature, and rice hull 
elemental data (ultimate analysis), for each combination of carboniser parameters (independent variables), 
the following performance parameters (dependent variables) were determined: airflow rates at the entry 
points; temperature at the IC; quality of biochar output, and; gas emission data.  
 
Airflow Rates at the Entry Points 
 
The air velocity at the bottom (Vb) and at the side openings (Vs) were measured using the 
VelociCheck
TM
 TSI Model 8330-M (Fig. 4) having a least count of 0.01 m s
-1
.  To facilitate measurement of 
the air velocity at the bottom opening, a 20 cm diameter elbow made of galvanised iron sheet was attached 
to the bottom opening, as shown in Fig. 4. Two 8 mm holes spaced at 90 degrees were drilled 30 cm from 
the free end of the tube where the instrument’s probe was inserted. Airflow measurement at the bottom 
opening was taken as an average of six readings, three taken from each hole. For the side opening, airflow 
measurements were obtained by positioning the instrument’s probe 1 cm from the rice hull bed surface 
(Fig. 5). Readings were taken at four locations approximately spaced 90 degrees from each other. To ensure 
that the air velocity readings were unaffected by prevailing winds, a 1.8 m height perimeter fence covered 
with orange laminated plastic sheet was installed at the test site. The velocity readings (m s
-1
) were 
converted into airflow (m
3 
h
-1
) data (see Equation 1): 
 
Q = A ×  V ×  3600        (1) 
 
Where: Q = airflow rate, m
3
 h
-1
; A = area of the air inlets, 0.2137 and 0.0314 m
2
 for the side and bottom 
openings, respectively, and; V = air velocity, m s
-1
. 
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Fig. 3: Schematic diagram showing the two carboniser parameters, chimney diameters (d), and IC areas (h) 
which were altered during the modelling experiment. 
 
 
 
Fig. 4: Measuring the airflow at the bottom opening using the using the VelociCheck
TM
 TSI Model 8330-M 
airflow meter. 
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Temperature at the IC 
 
The temperature at the IC was determined by two 18 mm diameter and 0.5 m long ceramic lined 
thermocouple probes attached to a Yokogawa Portable Multi-Thermometer, Model 2423A, data recorder 
using type K thermocouple wires (see Fig. 6). These were installed at the top and bottom portion of the IC 
with their tips approximately at the longitudinal axis of the IC (see Fig. 7). Five temperature readings, spaced 
at five minutes, were taken from each point, and the final temperature data in this chaper were an average of 
these readings. 
 
 
 
Fig. 5: Measuring airflow at the side opening of the carboniser using the VelociCheck
TM
 TSI Model 8330-M. 
 
 
 
 
Fig. 6: The temperature probes with type K thermocouple wires. 
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Quality of Biochar Output 
 
Biochar quality was measured in terms of the fixed carbon content of the collected sample, expressed 
in a percent weight basis. Approximately 500 g samples of the biochar were collected from each 
combination of independent parameters, and were submitted to the Analytical Service Laboratory of 
PhilRice for proximate analysis. 
 
Gas Emission Data 
 
The O2, CO, and CO2 content of the exhaust gas were determined using an IMR
®
 1000 handheld gas 
analyser (Fig. 8). These gases were taken as a measure of combustion efficiency [11]. For example, if CO is 
high, there is deficiency of air which means that the combustion is absent or incomplete.  
 
 
 
Fig. 7: The positions of the thermocouples in the carboniser during data collection. 
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Fig. 8: Gas emission data collection using the IMR
®
 1000 handheld gas analyser. 
 
EXPERIMENTAL DESIGN AND ANALYSIS 
 
Response surface methodology (RSM) was used to develop predictive models to how the carboniser 
performance parameters (airflow rate, temperature, biochar quality, and emission data) relate to the 
carboniser parameters (chimney diameter and IC opening), and were used to optimise responses affected 
by quantitative factors [12].  The modelling experiment was carried out following a face centred type of 
Central Composite Design of RSM [13], with the two carboniser parameters as independent variables each 
at three levels (see Fig. 9). The Design Expert
®
 Statistical Software was employed to analyse the response 
data, develop predictive models, perform the various statistical computations, including tests for 
significance of the regression models and on individual model coefficients, lack-of-fit test, and a numerical 
optimisation of the carboniser parameters. The complete experimental design consisted of 14 experiments 
with four factorial experiments (levels -1 and +1), four axial experiments (levels +a and –a), and six 
replicated experiments for the centre of the design. The six replicated experiments at the centre were 
performed to facilitate estimation of pure error [14].  
 
 
 
Fig. 9: Face centred central composite design for the two independent parameters used. 
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The Experimental Model 
 
To determine the data required to establish a mathematical model, the carboniser prototype was 
operated at all combinations of the independent parameters (chimney diameter and IC opening), (see Fig. 
10 for a flow chart of the experiment). The rice husks used in the experiment were derived from a rubber 
roll-type rice mill. To ensure homogeneity, the rice hulls were mixed thoroughly and dried to a moisture 
content of 7.8% prior to the experiment. See Table 3 for additional husk data used in the material and heat 
balance analysis. 
 
 
Fig. 10: The experimental process expressed diagrammatically. 
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After igniting, the carboniser was allowed to operate until the pyrolysed zone had reached the rice husk 
bed surface at the side opening, as visualised by the appearance of dark (burned) areas at the side opening. 
With the appearance of the dark areas, agitating the rice husk bed was done and gathering of data on the 
various dependent parameters followed immediately after. Waiting for the pyrolysed zone to occur and 
agitating the rice husk bed before starting to collect the data were undertaken to minimise, if not eliminate, 
the experimental bias for data gathered between the first combination of the independent parameters 
(when initial ignition was undertaken) and the succeeding combinations of the independent parameters. 
During the tests, the hopper was always maintained at its full capacity. 
 
Table 3: Rice husk data used in the material and heat balance analysis. 
 
Parameter Value 
Proximate Analysis  
Moisture, (%) 7.8 
Ash, (%) 18.1 
Volatile, (%) 55.5 
Fixed Carbon, (%) 18.6 
Ultimate Analysis  
Carbon, (%) 38.2 
Hydrogen, (%) 5.5 
Oxygen, (%) 35.2 
Nitrogen, (%) 0.9 
Ash, (%) 20.2 
 
 
RESULTS AND DISCUSSION 
 
Effects of Carboniser Parameters on Carboniser Performance 
 
Summary data on carboniser performance at different combinations of independent parameters are 
shown in Table 4 and 5. In general, combustion of the gases at the IC occurred with all combinations of the 
independent parameters, as shown by the visual presence of flames inside the IC. This excluded 
experiments with the smallest chimney (7.5 cm diameter) in combination with the smallest opening of the 
IC (6 cm), which was the only combination that resulted in smoke emissions from the chimney during the 
conduct of the experiment.  
The test for significance of the regression models, on individual model coefficients, and lack-of-fit tests 
were performed using the Design Expert
®
 Statistical software. Selecting the step-wise regression method 
eliminated the insignificant model terms, and the ANOVA tables (see Appendices 1 to 6) are presented for 
each dependent parameter. The Appendices also show the significant model terms as well as the R
2
, 
adjusted R
2
, and predicted R
2
. Except for the biochar fixed carbon content, the adequacy measures of the 
performance parameters approximate 1, which indicates model adequacy. The sufficient precision values 
compare the range of the predicted values at the design points to the average prediction error. In all cases, 
the values of adequate precision were dramatically greater than 4. The adequate precision value above 4 
indicate model discrimination adequacy, meaning that the model was suitable to navigate the design space. 
 
 
 
 
Author’s Copy, suggested citation: Orge R, McHenry MP & de Leon RL (2013) Emission reduction theory and 
results in the development of a suitable small-scale, portable, continuous rice husk carboniser for poor rural 
regions in transitional economies. In: Charcoal: chemical properties, production methods and applications. 
Ed. Tyrone EN. Nova Science Publishers, Hauppauge, New York, USA. ISBN 978-1-62808-664-5. 
12
 
Table 4: Summary data taken during optimisation test runs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Airflow Results 
 
The effect of the chimney diameter and the size of opening of the IC on airflow is shown in Fig. 11. Each 
data point was obtained by the sum of the airflow measurements from the bottom and side openings of the 
carboniser. The results show that both carboniser parameters influence the amount of air that took part in 
the carbonisation process. The effect of the chimney diameter, however, is more significant than that of the 
IC opening, as is shown in the analysis of variance (see Appendix 1), as the effect of the chimney diameter is 
highly significant. The results are represented mathematically in Equation 2. 
 
Airflow = -196.802 + 31.289 ×  dc + 1.127 ×  hic     (2) 
 
The model shows that as the diameter of the chimney (dc) is increased, there is a corresponding linear 
increase in the amount of air entering into the carboniser, and a similar trend was observed for the size of 
the opening of the IC. As would be expected, the highest airflow rate was observed at the combination of 
the largest chimney diameter (12.5 cm) and the largest opening of the IC (18 cm) (see Appendix 1). 
 
 
 
Run 
Chimney 
diameter 
(cm) 
IC 
opening,
*
 
(cm) 
Total 
Airflow
**
 
(m
3
/h) 
Temp
***
 
(
o
C) 
biochar 
quality 
(% fixed 
carbon) 
Gas Emission 
O2 
(%) 
CO 
(ppm) 
CO2 
(%) 
1 7.5 6 50.19 417.6 13.3 18.7 1345 0.0 
2 10 12 132.96 731.6 10.3 15.2 1140 3.0 
3 12.5 6 204.42 896.8 15.2 8.0 530 7.2 
4 12.5 18 224.36 909.8 13.7 6.0 450 5.1 
5 10 12 130.84 735.6 10.3 16.0 1204 3.8 
6 10 12 128.67 740.0 17.0 16.5 1238 3.1 
7 7.5 18 61.08 571.2 11.4 15.5 1262 3.0 
8 10 12 129.66 725.5 12.4 15.0 1126 2.7 
9 10 18 123.84 742.8 16.3 14.6 852 4.4 
10 10 12 135.18 742.9 14.2 15.8 1185 3.1 
11 12.5 12 201.45 885.7 23.3 7.2 540 7.0 
12 10 6 114.09 614.2 15.0 15.4 1159 3.0 
13 10 12 128.22 780.3 10.3 15.2 1140 3.8 
14 7.5 12 49.62 486.4 9.8 18.1 1358 1.6 
*  Areas of opening: 434, 868, and 1,302 cm
2
 for heights of 6, 12, and 18 cm, respectively 
** Sum of the airflows at the bottom and side openings. 
*** Average of two temperature readings (taken at the top and bottom part of the IC). 
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Table 5: Experimental temperatures obtained at the top and bottom of the IC. 
 
Chimney diameter 
(cm) 
IC opening 
(cm) 
Temperature, 
o
C 
Top Bottom Average 
7.5 6 476.2 359.0 417.6 
7.5 12 549.8 423.0 486.4 
7.5 18 645.3 497.1 571.2 
10 6 682.1 546.3 614.2 
10 12 820.4 659.7 740.1 
10 12 815.3 647.9 731.6 
10 12 805.8 645.1 725.5 
10 12 867.8 692.8 780.3 
10 12 824.8 661.0 742.9 
10 12 818.5 652.7 735.6 
10 18 821.6 664.1 742.9 
12.5 6 952.3 841.3 896.8 
12.5 12 948.2 823.2 885.7 
12.5 18 965.7 853.9 909.8 
 
 
 
 
Fig. 11: Response surface plot of fitted model for airflow as a function of chimney diameter and IC opening. 
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Temperature Results 
 
The temperature data used in the generation of the model were averages of the five temperature 
readings recorded at 5 minute intervals, each from the top and bottom points inside the IC. Figure 12 shows 
the relationship between the average temperature and the two carboniser parameters as described by 
Equation 3. The model showed that as the chimney diameter is increased, temperature increased, although 
at a higher rate at smaller openings of the IC than at larger IC openings. Conversely, the effect of the size of 
the IC opening was more significant at smaller chimney diameters than at larger diameters (see Appendix 
2). Highest temperatures were achieved at a 12.5 cm diameter chimney combined with an IC opening 
within the range of 12 to 15 cm. 
 
Temp = - 624.061 + 109.259 ×  dc + 58.878 ×  hic -2.343 ×  dc ×  hic -1.135 ×  hic2        (3) 
 
 
 
Fig. 12: Response surface plot of fitted model for temperature as a function of chimney diameter and IC 
opening. 
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Oxygen Emission Results 
 
The relationship between the O2 content of the flue gas and the two carboniser parameters are shown 
in Fig. 13, and can are described in Equation 4. The presence of O2 in the emitted gas from the carboniser 
showed that either or both the amount of air taking part in the carbonisation process is in excess of 
requirements, or the ambient air introduced into the IC was not properly mixed with the combustible gases 
and escaped through the chimney. The second possibility seemed to be the case when using the smallest 
chimney diameter (7.5 cm) in combination with the smallest IC opening (6 cm), as smoky emissions were 
observed alongside no visible flames in the IC. The highest O2 concentrations were observed at the smallest 
chimney diameter and the rate of O2 concentrations decreased at a higher rate as the diameter of the 
chimney was increased (see Appendix 3). 
 
O2 = -14.14506 +8.40521 ×  dc -0.16806 ×  hic -0.52393 ×  dc2       (4) 
 
 
 
Fig.13: Response surface plot of fitted model for O2 concentration in the flue gas as a function of chimney 
diameter and IC opening. 
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Carbon Monoxide Emission Results 
 
Fig. 14 shows the relationship between the CO content of the flue gas and the two carboniser 
parameters, which is shown mathematically in Equation 5. The effect of the chimney diameter is more 
significant that the size of the IC opening (see Appendix 4). The highest CO content could be observed at 
the smallest chimney diameter (7.5 cm) combined with a chamber opening of 10 cm, which decreases at an 
increasing rate as the chimney diameter is increased. The lowest CO content could be obtained at the 
largest chimney size of 12.5 cm regardless of the IC opening size. 
 
CO = - 453.975 +418.793 × dc +70.401 ×  hic -29.088 ×  dc2 -3.477 ×  hic2    (5) 
 
 
 
 
Fig. 14: Response surface plot of fitted model for CO concentration in the flue gas as a function of chimney 
diameter and IC opening. 
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Carbon Dioxide Concentration Results 
 
Fig. 15 shows the relationship between the CO2 content of the emitted gas and the two independent 
parameters, which, in mathematical form, is described in Equation 6. The CO2 content of the flue gas 
indicates the presence or absence of combustion inside the IC. Fig. 15 shows that no CO2 was recorded with 
the 7 cm chimney in combination with the smallest IC opening, and this was verified visually by no flames in 
the IC. Marked increases in CO2 concentration were observed as the chimney diameter increased, especially 
at smaller openings of the IC, and the highest CO2 concentrations were observed at the largest chimney and 
smallest IC opening combination. The effect of the chimney diameter on CO2 concentration is highly 
significant, as shown in the analysis of variance (Appendix 5). 
 
CO2 = -17.03810 +1.98667 ×  dc +0.90833 ×  hic -0.084167×  dc ×  hic   (6) 
 
 
 
Fig. 15: Response surface plot of fitted model for CO2 concentration in the flue gas as a function of chimney 
diameter and IC opening. 
 
 
Biochar Quality Results 
 
Using the rice husk biochar proximate analysis results, the analysis of variance (see Appendix 6) found 
no relationship between the fixed carbon content of the biochar and the carboniser parameters. The model 
F-value of 2.39 implies that the model is not significant relative to the noise, and there is a 14.18 % chance 
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that a model F-value is noise. Therefore, the independent variables had no significant influence on the 
quality of the biochar produced, and can be interpreted as optimised performance should be based solely 
on choosing independent variables that selected for temperature and emissions. 
 
 
OPTIMISED COMBINATION MODELLING RESULTS AND CARBONISER TESTING RESULTS 
 
Desirability functions were used by Design Expert
®
 to optimise the carboniser performance emphasising 
the maximum temperature and minimum CO emission, see Equation 7.  
 = 

	


	∑ 			 
 
 (7)   
Where D = overall desirability considering all response factor in the optimisation, di = transformation of 
response variable i into a desirability function, ri = is the importance factor for response variable i, and n = 
number of factors being optimised. 
 
A desirability value of 1 (or close to 1) indicates an optimal condition. The numerical optimisation using 
Design Expert
®
 yielded 23 combinations of the dependent variables (see Table 6), with desirability values of 
at least 0.922. From the list, it appears that a chimney diameter of 12.5 cm is the optimum among the three 
sizes used. For the IC opening, Table 6 suggests that the carboniser can be operated within the range of 17 
to 17.5 cm to attain high operating temperature and low CO emissions. Testing was undertaken to verify 
the prototype carboniser performance when adjusted to the theoretical optimal combination of chimney 
size (12.5 cm) and IC opening (17.2 cm), and also to obtain a quantitive comparision with the conventional 
rice husk carbonisers in common use (see Table 7). The tested performance results of the prototype 
continuous carboniser developed at PhilRice was superior to the conventional batch carboniser in terms of 
input capacity, maximum temperatures attained, and minimum CO emissions. Furthermore, in terms of 
biochar quality and yield, the prototype performed comparably with the conventional carboniser. The final 
performance evaluation of the PhilRice continuous prototype demonstrated the conversion of 40 kg of rice 
husk per hour, at 40.3% biochar yields, with a purity of 99.1%. The prototype burned the gaseous products 
of carbonisation at the IC, prior to the chimney, reducing CO emissions to a low 431 ppm, with no visual 
smoke during operation, and achieved a maximum temperature of 899
o
C - a useful heat resource. 
 
Table 6: Top five optimal combinations of the independent variables using Design Expert
®
. 
 
Number 
Chimney 
diameter (cm) 
IC Opening 
(cm) 
Temperature 
(
o
C) 
CO 
(ppm) 
Desirability 
1 12.49 17.29 913.2 417 1.000 
2 12.50 17.19 914.8 419 1.000 
3 12.49 16.78 917.7 441 1.000 
4 12.48 17.22 912.8 425 1.000 
5 12.48 17.57 910.0 404 1.000 
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Table 7: Performance comparison between the prototype analysed in this work, and the conventional rice 
husk carboniser design. 
 
Performance Parameter Prototype Conventional 
Ignition time, min 3.2 2.4 
Total amount of rice husk consumed, kg 164.5 99.5 
Total operating time, h 4.1 4.08 
Input capacity, kg rice husk/h 40.12 24.37 
Char yield, % 40.3 40.8 
Maximum temperature attained, 
o
C 898.7 540.3 
Attendance time, % of total operating time 21.3 14.6 
Reloading with rice husk, % 8.6 - 
Agitation, % 8.6 6.2 
Collection of biochar, % 4.1 8.4 
Purity of biochar output, % 99.1 99.2 
Emission   
O2, % 8.9 3.1 
CO, ppm 431 1,405 
CO2, % 7.4 10.1 
 
 
CONCLUSION 
 
The current methods to covert rice husk residues in rural poor transitional economies are either open 
fires, or simple batch carbonisers, both of which expose rural workers to unacceptable levels of emissions 
[15]. This chapter describes a theoretical method to optimise small-scale bioenergy conversion 
technologies, suitable for improving the working environment of rural people in terms of air quality, and 
providing a means of capturing useful heat energy for additional renewable energy applications. 
Furthermore, any agronomic use of the biochar produced, while not a focus of this chapter, may improve 
the overall rice system primary productivity and reduce the level of imported nutrients required as inputs 
over time [16-19]. 
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APPENDICES 
 
Appendix 1 - ANOVA table for the airflow response surface linear model 
 
Source 
Sum of 
Squares 
Df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
Block 181.872 1 181.872    
Model 36986.945 2 18493.473 641.310 <0.0001 significant 
A-Chimney dia. 36712.557 1 36712.557 1273.104 <0.0001  
B-IC opening 274.388 1 274.388 9.515 0.0115  
Residual 288.370 10 28.837    
Lack of Fit 252.173 6 42.029 4.644 0.0795 
not 
significant 
Pure Error 36.198 4 9.049    
Cor. Total 37457.188 13     
 Std. Dev. 5.37   R-Squared  0.9923 
 Mean 129.61   Adj R-Squared  0.9907 
 C.V. % 4.14   Pred R-Squared  0.9846 
  PRESS 575.39   Adeq Precision  59.370 
 
 
 
Appendix 2 - ANOVA Table for the Temperature RS Quadratic Model 
 
Source 
Sum of 
Squares 
Df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
Block 44.14 1 44.14    
Model 2.732E+005 5 54646.23 68.42 <0.0001 significant 
A-Chimney dia. 2.469E+005 1 2.469E+005 309.10 <0.0001  
B-IC opening 14528.76 1 14528.76 18.19 0.0037  
AB 4942.09 1 4942.09 6.19 0.0418  
A2 1631.26 1 1631.26 2.04 0.1960  
B2 2787.78 1 2787.78 3.49 0.1039  
Residual 5591.00 7 798.71    
Lack of Fit 3985.15 3 1328.38 3.31 0.1390 
not 
significant 
Pure Error 1605.85 4 401.46    
Cor. Total 2.789E+005 13     
Std. Dev. 30.05  R-Squared  0.9741 
Mean  712.89  Adj R-Squared  0.9611 
C.V. % 4.21  Pred R-Squared  0.9327 
PRESS 18755.60  Adeq Precision  26.217 
 
 
Appendix 3 - ANOVA Table for the O2 RS Reduced Quadratic Model 
 
Author’s Copy, suggested citation: Orge R, McHenry MP & de Leon RL (2013) Emission reduction theory and 
results in the development of a suitable small-scale, portable, continuous rice husk carboniser for poor rural 
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Ed. Tyrone EN. Nova Science Publishers, Hauppauge, New York, USA. ISBN 978-1-62808-664-5. 
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Source 
Sum of 
Squares 
Df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
Block 2.10 1 2.10    
Model 201.00 3 67.00 142.19 <0.0001 significant 
A-Chimney dia 161.20 1 161.20 342.11 <0.0001  
B-IC opening 6.10 1 6.10 12.95 0.0058  
A2 33.70 1 33.70 71.52 <0.0001  
Residual 4.24 9 0.47    
Lack of Fit 3.04 5 0.61 2.01 0.2585 
not 
significant 
Pure Error 1.21 4 0.30    
Cor Total. 207.34 13     
 Std. Dev. 0.69  R-Squared  0.9793 
 Mean 14.09  Adj R-Squared  0.9725 
 C.V. % 4.87  Pred R-Squared  0.9416 
 PRESS 12.00  Adeq Precision  30.187 
 
 
Appendix 4 - ANOVA Table for the CO RS Quadratic Model 
 
Source 
Sum of 
Squares 
Df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
Block 2619.45 1 2619.45    
Model 1.238E+006 5 2.476E+005 70.59 < 0.0001 significant 
A-Chimney dia. 9.959E+005 1 9.959E+005 283.97 < 0.0001  
B-IC opening 36777.51 1 36777.51 10.49 0.0143  
AB 2.25 1 2.25 0.00064 0.9805  
A2 90139.75 1 90139.75 25.70 0.0014  
B2 42733.04 1 42733.04 12.18 0.0101  
Residual 24550.34 7 3507.19    
Lack of Fit 17770.72 3 5923.57 3.49 0.1291 
not 
significant 
Pure Error 6779.63 4 1694.91    
Cor. Total 1.265E+006 13     
 Std. Dev. 55.40  R-Squared  0.9806 
 Mean 1037.71  Adj R-Squared  0.9708 
 C.V. % 5.34  Pred R-Squared  0.9136 
 PRESS 0.0000109  Adeq Precision  26.785 
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Appendix 5 - ANOVA Table for CO2 RS 2FI Model 
 
Source 
Sum of 
Squares 
Df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
Block 0.018 1 0.018    
Model 43.11 3 14.37 37.71 < 0.0001 significant 
A-Chimney dia. 35.77 1 35.77 93.87 < 0.0001  
B- IC opening 0.96 1 0.96 2.52 0.1469  
AB 6.38 1 6.38 16.73 0.0027  
Residual 3.43 9 0.38    
Lack of Fit 2.43 5 0.49 1.94 0.2697 
not 
significant 
Pure Error 1.00 4 0.25    
Cor. Total 46.55 13     
 Std. Dev.   3.33  R-Squared  0.3234 
 Mean 13.75  Adj R-Squared  0.1881 
 C.V. % 24.20  Pred R-Squared                      -0.3348 
 PRESS            218.51  Adeq Precision  4.3240 
 
 
Appendix 6 - ANOVA Table for the biochar Fixed Carbon RS Linear Model 
 
Source 
Sum of 
Squares 
Df 
Mean 
Square 
F 
Value 
p-value 
Prob > F 
 
Block 7.29 1 7.29    
Model 52.95 2 26.47 2.39 0.1418 
not 
significant 
A-Chimney dia 52.21 1 52.21 4.71 0.0551  
B-Chamber open 0.74 1 0.74 0.066 0.8019  
Residual 110.76 10 11.08    
Lack of Fit 73.21 6 12.20 1.30 0.4175 
not 
significant 
Pure Error 37.55 4 9.39    
Cor. Total 170.99 13     
Std. Dev.     3.33   R-Squared  0.3234 
Mean   13.75   Adj R-Squared  0.1881 
C.V. %   24.20   Pred R-Squared                     -0.3348 
PRESS  218.51   Adeq Precision  4.3240 
 
